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Abstract
　High-resolution imaging observations of sub-millimeter continuum emission toward 
five active galactic nuclei (AGN) are presented. These five disk galaxies hosting AGN 
(Circinus galaxy, NGC 4945, NGC 1068, NGC 5793, NGC 1386) are observed at 321 GHz 
(λ, wavelength = 0.93 mm) with ∼ 0.6 arcsecond angular resolution using Atacama 
Large (Sub-) Millimeter Array (ALMA). The continuum emission of these galaxies at 
sub-millimeter wavelengths is originated from dust medium enshrouding a large-scale 
galactic disk that is optically identified in the galaxies. The results of these observations 
show presence of dust materials surrounding the central regions of these AGN largely 
along the galactic major axis. In this article, 321 GHz continuum maps of these galaxies 
are presented with the physical parameters estimated from sub-millimeter images ob-
tained by ALMA.
Keywords： Radio continuum, active galaxies, active galactic nuclei (AGN),  
dust emission, sub-millimeter
₁ Introduction
It is known that there are a couple of radiation sources of sub-millimeter emission from 
external galaxies, one of which is dust grains in the interstellar medium (ISM), and the 
other one is molecular emission in the interstellar gas. The former is observed as con-
tinuum emission and the latter is the line emission that occurs in thermal or non-ther-
mal processes. In general, far-infrared and sub-millimeter continuum emission in galax-
ies are explained by a single black-body radiation model with dust temperatures of 30−
50 K (e.g., [10]). The sub-millimeter continuum is considered to trace the total mass of a 
large-scale galactic structure. There have been conducted surveys for sub-millimeter 
continuum emission from distant galaxies in order to map the dust continuum. Imaging 
observations of the central regions of galaxies with the sub-millimeter continuum will 
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enable us to estimate the dust mass in galaxies, and resolve the distribution of dust me-
dium at sub-arcsecond resolution.
₂ Observation
Observations of five active galaxies, NGC 4945, NGC 1068, NGC 5793, Circinus galaxy, 
and NGC 1386, using Atacama Large (Sub-) Millimeter Array (ALMA) were conducted 
at 321 GHz in June 2012. These sources were selected from AGN that host H2O me-
gamaser sources in the 22.235 GHz transition (λ, wavelength = 1.3 cm). The results of 
the H2O maser emission in the 321.226 GHz transition have been presented in [5, 6]. The 
continuum emission was obtained by subtracting from maser line visibilities using line-
free channels prior to the imaging and CLEAN deconvolution. Thus, imaging of the con-
tinuum emission was produced separately. The synthesized beam sizes produced from 
naturally weighted continuum images were about 0.6 arcsec. Amplitude calibrations 
were conducted using observations of planets and the bandpass corrections were per-
formed from observations of 3C 454.3 and 3C 279. Flux density errors of ∼10 percent 
should be estimated, according to the Cycle-0 performance of the Band 7 ALMA. The 
image analysis was performed using both the CASA and the Astronomical Image Pro-
cessing Software (AIPS). A brief summary of the observations is presented in table 1, in 
which some information is referred from data in the literature ([6]).
Table 1：Summary of 321 GHz continuum observations
Galaxy RAa DECa Db
[Mpc]
Datec
[M/D]
1σd
[mJy/b]
Sνe
[mJy]
Circinus 14h13m09s.906 -65°20’20”.46 8 6/3 0.86 78.5
NGC 1068 02h42m40s.770 -00°00’47”.84 12.5 6/4 0.48 41.1
NGC 1386 03h36m46s.237 -35°59’57”.39 10.6 6/5 0.53 6.7
NGC 4945 13h05m27s.279 -49°28’04”.44 11.1 6/3 7.35 543
NGC 5793 (321 GHz) 14h59m24s.807 -16°41’36”.55 51.1 6/1 0.52 8.8
NGC 5793 (325 GHz) 14h59m24s.807 -16°41’36”.55 51.1 6/3 0.35 17.8
a) Interferometry phase center positions in R.A. and Declination
b) Distances to galaxies
c) Date of observation in 2012 year
d) Rms noise values
e) Total continuum flux densities
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₃ Results
Sub-millimeter continuum images are obtained toward the centers of the five disk gal-
axies using the Band 7 ALMA. Plots of the CLEAN’ed images of these galaxies are dis-
played in figures 1-3. Figure 1 shows the 321 GHz continuum images of the Circinus 
galaxy and NGC 4945. Figure 2 shows the continuum images of NGC 5793 both at 321 
GHz and 325 GHz, and figure 3 shows the 321 GHz images of NGC 1068 and NGC 1386. 
The continuum peak flux densities of all the galaxies are detected on a signal-to-noise 
ratio (SNR) of > 5, with rms noise levels of about 0.5−0.9 mJy/beam, and the total flux 
densities of the detected continuum are also estimated (see table 2). Note that for all 
these galaxies, the continuum emission was imaged only for regions in a sufficient SNR. 
(Boundaries of the detections are marked by negative contours in each of images.)
₄ Discussion
We have detected sub-millimeter continuum emission toward the five AGNs at ∼ 0.5−0.6 
arcsec resolution, which corresponds to 25−150 Mpc, depending on distances to each 
galaxy.
₄.₁ Gas mass
One of the most important results from these observations is that the 321 GHz continu-
um of all the five AGNs has been clearly detected. Assuming optically thin dust emis-
sion at sub-millimeter wavelengths, the total gas mass (solar mass; Mʘ) in a galaxy can 
be calculated using the expression as follows ([1], [7]),
（4.1）
where Sν is the flux density [mJy], d is a distance to a galaxy [Mpc], λ [mm] is the 
wavelength of the continuum emission, Td [K] is the dust temperature, and κd (ν) [g−1 
cm2] is dust opacity. The dust opacity is expressed as follows,
（4.2）
in which κ0 is 0.1 [g−1 cm2] and β is dust emissivity. Assuming that the dust emissivity 
is 2.0 (an upper limit value), the dust opacity is estimated to be ≈ 7×10−3 [g−1 cm2]. The 
estimated total masses of each galaxy are summarized in table 2. The dust tempera-
tures of the Circinus galaxy and NGC 4945 were obtained in the literature ([4]), based on 
the far-infrared measurements, while those for other galaxies were assumed to be 40 K, 
which is the median value of typical dust temperatures of ultra luminous far-infrared 
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Fig. 1：Grey-scale and contour images of 321 GHz continuum emission from Circinus galaxy (left) 
and NGC 4945 (right), obtained by ALMA in 2012. Intensity of the continuum emission denoted by 
contours and grey-scales is in milli-Janskies (mJy).
Fig. 2：Images of 321 GHz (left) and 325 GHz (right) continuum emission from NGC 5793. Intensity 
of the continuum is scaled in mJy using contours and grey-scales.
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galaxies of 30−50 K ([10]). It is true that there exist cooler (< 20 K) dust components 
that must be included for total gas mass estimation, however which we cannot estimate 
from our data. Table 2 shows the total gas mass calculated from the 321 GHz continu-
um emission, which ranges from ≈ 106−108 Mʘ (solar masses).
₄.₂ Continuum structure
The 321 GHz continuum emission of the Circinus galaxy (Fig. 1) shows that a part of 
the emission has an elongated structure in north-west direction, which is similar to that 
of a molecular or atomic hydrogen gas disk at the inclination angle ([2]).
　The continuum map of NGC 4945 (Fig. 1) indicates that the 321 GHz dust continuum 
can be overlaid with a large-scale galactic disk of the galaxy. Moreover, the position an-
gle of the continuum image is consistent with that of the optical disk of the galaxy ([9]).
　Figures 2 present two continuum images of NGC 5793: one of them is the 321 GHz 
continuum, and the other is the 325 GHz continuum. The latter has been imaged in a 
higher SNR. The resultant continuum peak and total flux density are about a factor of 
two different between these maps. It is not certain that this is due to different observ-
ing conditions or insufficient amplitude calibration in the Cycle-0 observation.
　It is known that NGC 5793 has a compact radio nucleus (∼0.016 arcsec) obtained at 21 
cm, the axis of which is parallel to the optical minor axis of the galaxy (position angle of 
∼ 60°) ([3]). On the other hand, the position angles of both the 321 GHz and 325 GHz im-
ages are about ∼ 130°, which are closer to the optical major axis (150°) of the galaxy 
([3]). It is thus understood that the 21 cm radio compact nucleus indicates a presence of 
the active nucleus in the center, while the 321 GHz and 325 GHz continuum trace the 
distribution of galactic dust materials whose axis is parallel to the galaxy’s major axis.
　Figures 3 displays the continuum of NGC 1068, a well-known type 2 Seyfert galaxy 
with long observing records at various wavelengths. The position angle of the 321 GHz 
continuum of the galaxy is consistent with that obtained at 5 GHz with 0.06 arcsec reso-
lution using MERLIN. The detected compact continuum appears to indicate the location 
of the putative nucleus of the galaxy (so called ‘S1’ in the literature). The coordinates of 
the nucleus (S1) in J2000, obtained by both the 321 GHz and 5 GHz continuum are pre-
sented below.
R.A. (321 GHz) : 02h42m40s.7117, Dec. (321 GHz) : −00°00′47′′.905
R.A. (5 GHz) : 02h42m40s.7098, Dec. (5 GHz) : −00°00′47′′.938
　A positional error on the 321 GHz image by ALMA can be estimated to be, typically, 
∼10% of the synthesize beam (ALMA Cycle 0 Capabilities), 0”.6/10 ∼ 0”.06. On the other 
hand, an error of the MERLIN image is estimated to be 0.02 arcsec ([8]). Considering 
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these errors, it can be concluded that these two positions measured at the two different 
frequencies are identical within uncertainties, mainly limited by the angular resolution 
of the sub-millimeter image. Therefore, we conclude that the detected continuum of the 
321 GHz map is the emission from the nucleus of the galaxy. One can speculate that the 
continuum emission is largely from dust medium, whereas a part of which could be due 
to thermal nuclear continuum from the true nucleus of the galaxy. However, we cannot 
distinguish between these two possibilities because of lack of spatial resolution to sepa-
rate out thermal nuclear continuum from dust continuum. Further observations at vari-
ous higher frequencies would be necessary to study the nature of the sub-millimeter 
continuum from the galaxy.
　Due to lower sensitivities and atmospheric absorption near the observing frequency, 
Fig. 3：Grey-scale and contour images of 321 GHz continuum emission from NGC 1068 (left) and NGC 
1386 (right).
Table 2：Total gass masses and position angles
Galaxy Mgas
[Mʘ]
Td
[K]
P.A.b
[deg.]
Circinus 2.9×107 37 120
NGC 1068 3.4×107 40a 70
NGC 1386 0.4×107 40 110
NGC 4945 3.8×108 37 70
NGC 5793 (321 GHz) 2.4×108 40a 130
NGC 5793 (325 GHz) 1.2×108 40a 130
a) The dust temperatures of 40 K are assumed.
b) Position angle of the dust continuum emission.
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the image of NGC 1386 was poorly obtained, so we need further careful analysis neces-
sary for estimation of the gas mass and discussing over the galaxy.
₅ Summary
　The 321 GHz continuum emission of the five disk galaxies housing AGN has been im-
aged with ALMA. The obtained continuum structures are largely consistent with the 
large-scale galactic disks that are optically identified in each of the galaxies. It appears 
that the dusty medium distributes along the major axis of these galaxies. Given the to-
tal flux density of the continuum emission, the total gas masses of these galaxy are cal-
culated, by assuming dust temperatures for the galaxies. The resultant gas masses 
range from ≈ 106−108 Mʘ. It is expected that we will be able to image inner part of 
these galaxies at higher angular resolution in future observations. The high-resolution 
imaging of the Circinus galaxy and NGC 4945 has been approved for Cycle-4 ALMA ob-
servations, where we might be able to detect the sub-millimeter continuum from inner 
part of these galaxy with a higher angular resolution of the long-baseline ALMA.
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和文概要
活動銀河核からのサブミリ波連続放射
萩原喜昭
活動銀河核（active galactic nuclei：AGN）からのサブミリ波連続波放射の観測的研究に
関して報告する。本研究ではAGNを中心部に擁する活動銀河 5 天体（Circinus galaxy, 
NGC 4945, NGC 1068, NGC 5793, NGC 1386）を、サブミリ波の321 GHz帯にてアタカマ大
型サブミリ波干渉計（ALMA）により、約0.6秒角の空間分解能で撮像観測を実施した。
系外銀河からのサブミリ波連続波放射は、バックグラウンドのAGNによりあたためられ
たダスト（塵）からの再放射が支配的であると一般的に理解されている。これらの銀河か
ら観測したサブミリ波連続放射のデータを解析することにより、ダスト成分が大局的には
銀河円盤のmajor axisに沿い分布することを調べた。さらに本研究では、撮像で得た321 
GHz帯の全フラックス密度から各銀河のガス質量を計算した。
Keywords： Radio continuum, active galaxies, active galactic nuclei (AGN),  
dust continuum, sub-millimeter wavelength
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